Abstract-An effort to understand the development of breast cancer motivates the study of mammary gland cells and their interactions with the extracellular matrix. A mixture of mammary gland epithelial cells (normal murine mammary gland), collagen, and fluorescent beads was loaded into microchannels and observed via four-dimensional imaging. Collagen concentrations of 1.3, 2, and 3 mg/mL were used. The displacements of the beads were used to calculate strains in the 3D matrix. To ensure physiologically relevant materials properties for analysis, the collagen was characterized using independent tensile testing with strain rates in the range of those measured in the cell-gel constructs. 3D elastic theory for an isotropic material was employed to calculate the stress. The technique presented adds to the field of measuring cellgenerated stresses by providing the capability of measuring 3D stresses locally around a single cell and using physiologically relevant materials properties for analysis. The highest strains were observed in the most compliant matrix. Additionally, the stresses fluctuated over time due to the cells' interaction with the collagen matrix.
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INTRODUCTION
Among the many risk factors related to breast cancer, tissue or mammographic density has garnered significant attention. In a study by Boyd et al. 6 it was found that women with a dense tissue are at four to six times greater risk of breast cancer than women with low density tissue. This risk factor may account for as many as 30% of breast cancer cases. It was found that increasing mammogram density was associated with increasing collagen and decreasing fat concentrations in the breast tissue. 5 In addition to increased density, tissue stiffness increases with collagen concentration. 45 At the microscale, the importance of extracellular matrix (ECM) stiffness to the behavior of mammary gland cells was studied in experiments by Keely and co-workers, 56 showing that as the collagen density increased the cells began to lose their ability to undergo tubulogenesis. 56 Two relevant reviews on the influence of matrix mechanical properties on cell behavior are those by Wells 54 and Discher et al. 12 Specifically, there has been considerable work to describe cellular reaction to changes in substrate rigidity through qualitative observations. 14, 17, 27, 36, 50 To extend this prior work, quantification can be achieved by measuring the strains and forces that cells generate on the surrounding material.
Techniques to measure cell-generated forces have been under development for the past three decades. An early demonstration in two-dimensional cell traction force measurements was done by Harris et al. 19 in 1980 with their cell locomotion studies; however, quantifying traction forces using this technique 7 was difficult and inaccurate. Traction force microscopy (TFM) was later developed and used to study various aspects of cell adhesion, mechanics, and motility. 1, 8, 25, 33, 37, 46, 51, 53 Galbraith and Sheetz 16 42 study of how cells can sense mechanical forces exerted by nearby cells through the ECM as a function of substrate compliance also using TFM. The principal drawback to these techniques is that the cells are subjected to a very unnatural environment.
Although the above-mentioned techniques have been very important to understanding cell mechanics, their relevance to in vivo behavior is limited by the 2D nature of the testing platform. One 3D technique that has been published uses a cell-populated collagen gel 10, 22, 26 to determine the forces generated from a population of cells. The generated forces from the population of cells can be determined by a strain gauge or force sensor that is attached to the gel. However, with this technique, local forces around one cell cannot be measured and variability arises from changes in the number of cells in a given gel.
The need for measurements of cell forces in 3D has been identified by numerous researchers. 34, 35, 52 There have been multiple demonstrations showing that cells behave differently in 3D in comparison to 2D. 9, 15, 18, 20, 35, 43, 44 For instance, in the mammary gland, Keely and co-workers 23, 56 have also shown that the mammary gland cells differentiate on 3D gels, but not on 2D substrates. The significance to these findings is that in vivo, most cells are in a 3D environment, therefore it is expected that 3D studies will be more biologically relevant.
To date, no work has been published which measures the local forces that cells create on the ECM in three dimensions. A 3D technique is needed to measure the forces that the cell naturally imposes on its environment when exposed to different parameters. In Keely's work the effects of the changes in the material on the cell behavior were investigated in 3D but this should be complimented by quantitative measurement of the forces and strains. The method presented here takes a step toward enabling 3D mechanical measurements of the forces that cells impart onto the ECM.
The approach proposed in this study takes advantage of the fact that cells create tension and remodel their ECM when attaching, migrating, and undergoing morphological changes. 13, 18, 47 The goal is to track the displacements that the cell creates on the ECM. This can be accomplished by placing fluorescent microbeads in the surrounding gel and microscopically tracking the distances that these beads are moved with 3D time-lapse (4D) microscopy. From the distances that the beads travel, strains can be determined. For strains in the elastic regime of collagen the elastic modulus of the material was used to relate the strains caused by the cells to the stress that they have produced on the matrix.
In this study, normal murine mammary gland (NMuMG) cells in collagen gels have been used. This system has been used previously as a model for cell and ECM investigation. 3 Collagen has been chosen because it is the most predominant structural component of the connective tissue in the breast; therefore, it is the key determinant of the tensile properties of the tissue. 23 It is also directly related to a major risk factor of breast cancer, tissue density. In addition, type I collagen is localized around the mouse mammary ducts, which suggests a physiological relevance for collagen in the development and maintenance of these structures. 57 A microfluidic platform has been employed, which provides a constrained environment 2 with appropriate dimensions for cellular studies, 55 which also reduces the amount of reagents required, 55 and has 3D capabilities, 31, 49 while providing optical access to the cellmatrix system.
2,55
The technique presented allows us to quantify the cell's reaction in terms of mechanical strains and stresses to different ECM parameters such as stiffness in a 3D environment and will facilitate future research on the role of mechanics in the development of breast cancer as well as in a multitude of cell mechanicsrelated areas.
METHODS
Preparations Prior to Experiment Collagen Characterization
The collagen characterization was done with the purpose of establishing the Young's modulus of the material, which would later be needed for the stress calculations. The methods for this procedure have been described previously in Lopez-Garcia et al. 29 The collagen mixture was left in the incubator for 17 h and then the gelled samples were removed for tensile testing. This time point was chosen according to previous works, showing that the mechanical properties of collagen gels ceased to change due to continuous polymerization after 15 h. 45 The elastic modulus of the collagen was determined for gels with varying collagen density of 1.3, 2, and 3 mg/mL, where 1.3 mg/mL is a standard collagen concentration for NMuMG cell culture. The Young's modulus of each sample was determined and plotted against the individual sample strain rate and a power-law fitting was used to find a mathematical relationship between sample strain rate and Young's modulus. The equations obtained from Lopez-Garcia et al. 29 were
Microfluidic Channel Fabrication
This study was carried out in a microfluidic platform. To fabricate these devices, a 1:10 ratio of curing agent to PDMS was well mixed and degassed for 40 min in a desiccator vacuum chamber. Once the mixture was free of bubbles it was poured onto a master, fabricated via a photolithography technique where EPON SU-8 photoresist is patterned on a silicon wafer. The steps taken for the fabrication of the master can be found in Jo et al. 21 ; and McDonald and Whitesides. 30 The master that was used for this work consists of 250 lm height and 5 mm long channels with a port on each end. The wafer with the PDMS is covered with a transparency, Plexiglas, a rubber sheet, and weights, and is baked for 4 h at 80°C.
Once the channels were made, they were allowed to overnight Soxhlet extraction in ethanol to reduce the presence of uncrosslinked PDMS oligomers and then autoclaved. In a cell culture hood, using sterile tools, the channels were then cut out and adhered to a glass bottom Petri dish. Typically two channels per dish were assembled. The devices were then stored in a sterile container and only opened within the cell culture hood. Figure 1a shows a diagram of the glass bottom Petri dish with the channels, and Figs. 1b and 1c show the top and side views of the channel when seeded with the cells, respectively.
Cell Culture
NMuMG cells transfected to express green fluorescent protein (GFP-NMuMG) were defrosted at Pn+2 passages and cultured in T25 cell culture flasks in DMEM with high glucose, phenol red, insulin, and FBS. All experiments were carried out at passages less than Pn+18.
Experimental Steps Seeding Cells in Microfluidic Channels
The microfluidic channel walls were coated with a collagen solution 50 lg/mL in PBS a few hours before the experiment. The channels were left at room temperature until it was time to seed the cells. Before seeding the channels were washed thrice with PBS or media.
The cells were rinsed with PBS, incubated with 0.05% trypsin + EDTA for 2 min, diluted with DMEM high glucose containing phenol red, insulin, and FBS, and then centrifuged at 1000 RPM for 5 min. The supernatant was removed and the cells were then suspended in the DMEM culture media. An aliquot of cells of approximately 2 9 10 6 cells/mL was then kept on ice to mix with the collagen.
An unpolymerized collagen mixture was prepared in a similar manner to that of prior tensile test samples. 29 Before adding the cells to the collagen, they were mixed by pipetting multiple times so that a homogeneous concentration of cells was added to the collagen. To this mixture, 0.2 lL of red fluorescent 1 lm carboxylate-modified beads was added and mixed well. A 5-lL volume of the cell-gel mixture was poured into the channel through the inlet port. A second 5 lL volume of the cell-gel mixture was poured into the channel through the inlet port and a 5-lL volume was removed with the pipette from the drop that had formed in the outlet. By this way, it was ensured that no dilution had occurred from the media or PBS that was originally in the channel from the washing step. Water droplets of 5 lL were added to the space surrounding the channel to maintain the air saturated. The channels were covered and immediately taken to an incubator and placed upside down for 2 min. Then the channels were turned right side up and left for two additional minutes. This flipping procedure was carried out for about 16 min, until the gel had undergone the initial polymerization. A droplet of media was added to the ports to feed the cells. They were incubated overnight, for 17 h. Figures 1a-1c show a diagram of cells and beads seeded into the channel.
Four-Dimensional Imaging
The samples were imaged on a Nikon TE300 inverted microscope using a 409 oil objective and a Roper CoolSnap FX camera. The microscope was surrounded by an environmental box that was equilibrated at 37°C. The sample was placed on the sample holder for 1 h prior to imaging to minimize drift. The sample holder was a Petri dish with a circular hole. This custom made sample holder served as an insulator and prevented thermal gradients within the sample that could be caused by placing directly on the metal stage. The glass bottom Petri dish which contained the channel with the cell-gel was sealed with autoclaved petroleum jelly. These precautions were taken in order to prevent evaporation and liquid transfer within the sample.
Imaging was conducted in the neighborhood of an individual cell which was at least 100 lm away from any other cells. The imaging was started at approximately 17 h after seeding. This time frame was chosen to ensure full polymerization of the collagen, 45 the time point at which the collagen had been characterized. The imaging was achieved via Intelligent Imaging Innovations Slidebook software. Samples were imaged from 3 to 5 h, with intervals of 15-20 min. A space between planes of 0.5 lm was used for the z-stack. A vertical range of 50 lm was imaged. A baseline sample of a gel with no cells was imaged to investigate the noise present in the system. Gels of all three collagen concentrations were studied with cells. The beads were imaged using a TRIT-C filter and the cells were imaged using a FIT-C filter. has negligible displacement caused by the cell and is the reference bead. Bead a is being displaced by the cell. Bead a¢ is the position of bead a at a later time point. In the direction of the z-axis, the strain that the cell has caused can be calculated by the distance between beads a and b at the later time point, Dz¢, and dividing by the original distance between beads a and b, Dz. This analysis is done for all three directions, but is only shown here in z for clarity.
Analytical Steps Image Processing
To minimize error in strain data, raw data from images were used. Therefore, binning was not used nor deconvolution. Slidebook 5 allowed us to process 3 h worth of 4D imaging for our entire field of view. Using the Slidebook image processing tools, a mask was segmented for the beads and each bead was identified. Using the software's particle tracking protocol, the beads were tracked through time using the meanadjusted center of intensity.
Strain Calculations
The data obtained using the Slidebook particle tracking protocol were imported into Excel Spreadsheet software. For an initial analysis approach, a simple homogenous expression is utilized. Strains were calculated for all axes and shear directions, using Eq. (4). Figure 1d shows a diagram of the frame of reference for the components.
Ideally, initial condition bead locations just after seeding would be used as time zero; however, limitations in the experimental equipment restricted data collection to a 3-h observation window. To identify a time zero, beads that were chosen for analysis did not interact with the cell for the first two time points (less than 1% strain produced by cell). Each bead that was chosen was analyzed with respect to the same reference bead far from the cell. The closer the bead being analyzed was to the reference bead, the higher the strain error would be for that bead. To determine how to eliminate beads with strain error, a baseline strain experiment was carried out by measuring the strain in a gel with no cells. The strains in such a construct should be zero; however, as the distance between the bead of interest and the reference bead decreased the calculated strains increased (Fig. 2a) . The smallest distance between beads to have a maximum of 5% strain noise was then determined. In the below experiments, most beads that were used for our conclusions had 1% or less noise and beads with strain noise above 5% were not considered.
Stress Calculations
In the cell-gel experiments, once the strains for all the components were determined, the constitutive equation relating stress and strain (Eq. 5) was employed to calculate the stresses that were being generated by the cell.
and C ijkl is the elastic modulus matrix for an isotropic material
C ij can be expanded to
; ð9Þ
where k and G are the Lame´elastic moduli, defined as
This definition for stress is only applicable to the elastic behavior within the material. The elastic modulus, E, was obtained from the mathematical models for each concentration mentioned above (Eqs. 1-3). These allowed the determination of E with respect to the specific strain rate that the cell was generating. 29 The Poisson's ratio, m, was also determined during the tensile tests by measuring the XY displacements of the beads on the sample in the bulk of the gage section. It was found to be approximately 0.3 for the range of concentrations that were tested.
The stresses were obtained for 3 h of data of each cell-gel construct condition: 1.3, 2, and 3 mg/mL.
RESULTS
Noise in the System
Before determining the strains that were caused by the cell on the gel, a baseline experiment was carried out to determine what strain error existed in the construct when there was no cell present. It was confirmed that the noise in the strain depended on the distance between the bead that was being analyzed and the reference bead. The closer the beads were, the higher the error. Figures 2b and 2c demonstrate this behavior for the XY and Z directions, respectively. The strain error was determined by calculating the strain in a 2 mg/mL collagen gel with no cells for all time points. This information was used to determine the smallest distance between the beads that could be used and not have more than 1% strain error. The error plotted in Figs. 2b and 2c was the absolute value of the highest magnitude in strain obtained for a bead of a distance DX, DY, or DZ in microns from the reference bead during the 3 h of imaging. Resolution in X and Y was 0.16 lm/pixel, whereas resolution in Z was set by the space between planes: 0.5 lm/pixel. For the X and Y directions the beads could be no closer than 10 lm. For the Z direction the beads could be no closer than 15 lm. In the X and Y directions the error was a function of magnification, whereas in the Z direction the noise was a function of space between planes. The limit distances mentioned above were chosen for the worst case (the highest error for that distance).
FIGURE 2. A schematic illustration of relative bead location is shown in (a).
A plot of strain error as a function of bead distance in the X and Y and the Z directions are shown in (b) and (c), respectively, for a 2 mg/mL collagen gel with no cells. The noise decreases significantly with increasing distance between beads. Beads that are closer in distance produce a higher level of noise in the strain calculation and make it appear as if there is strain when none is present (i.e., in a gel with no cells). Using beads with separation above the threshold of 10 lm for X and Y and 15 lm for Z, the baseline strain in a 2 mg/mL collagen gel with no cells is seen to be negligible (d). Figure 2d shows the baseline strain in a gel with no cells for a bead with less than 1% noise.
Resultant Rate vs. Component Rate
The Young's modulus of the collagen used in these experiments not only varies with collagen concentration, but also varies with strain rate. Each cell had its own individual rate at which it strained the surrounding material that was calculated by dividing the difference of the strain between two time points by the time between them. Each strain rate was inserted into the mathematical relationships relating E to strain rate with respect to the collagen concentration (Eqs. 1-3) and a unique modulus was found to calculate the Lameé lastic moduli of each component at each time point using Eqs. (10) and (11) . Once the Lame´elastic moduli were known Eq. (9) was used to determine the moduli components and the matrix multiplication of Eqs. (7) and (9) produced the stress components (Eq. 6). However, for one change in time point (Dt) all the strain components may be different, meaning that the strain rate for each of those components will be different as well. The strain rate from each component is calculated by
where i can be x, y, or z, and is employed to determine the corresponding Young's modulus. To calculate stress using the strain rate from each component, the following matrix was used. 
Elastic Strains Produced by Cells in Gels Figure 3 shows representative strains and their corresponding stresses for a representative bead pair. A global view of the beads considered in three representative experiments is provided in Fig. 4 . This figure shows the bead paths produced by the cell through its interaction with the surrounding collagen. The general drift of the system was subtracted from the paths and then plotted with Matlab, showing only the displacements that were caused by the cells. The displacements have been scaled by a factor of 10 for visualization.
Graphs in 2D are shown on the left and 3D on the right. Figure 5a demonstrates an example of a stressstrain diagram for a 2 mg/mL collagen gel. The slope of the initial part of the curve provided the elastic modulus of the material. Once the behavior changed from a straight line to a curve the collagen was undergoing nonlinear deformation. This limit was found for a minimum of eight samples of each density. From the collagen characterization experiments it was found that the limit of elasticity for collagen in gels did not change within the densities studied. The average of all the elastic strain limits (including all concentrations of collagen) was 13 ± 4%, but the lowest elastic limit was found to be 7%. This lower bound value was chosen as the limit of elasticity to be conservative. Figure 5b shows the found elastic limits categorized by collagen concentration.
Elasticity Limits and Stress Calculations
Only elastic strains were considered for the use in the stress-strain relationship for isotropic materials (Eq. 5). To ensure calculations were done in the elastic regime, only beads that began to be strained after the second time point were used. To fit this criterion the strain at time point 2 had to be less than 1%. In addition, the stress-strain relationship (Eq. 5) was not used for strains past the lower bound elastic limit of 7%.
The highest strains achieved by the cells were examined from the entire population of beads that fell within the error criterion. The data were collected by selecting the highest elastic strain achieved by the cell for each bead that was analyzed (containing below 1% error and no pre-straining). Figure 5c shows the highest strains classified by collagen density. Only the cells in the 1.3 mg/mL collagen were able to exceed the elastic limit during the length of the experiment. As the collagen concentration increased, the highest strains reached decreased in magnitude. Figure 6 is a representative example of the strain and stress components produced by a cell for one bead pair in their surrounding material for each concentration. The strain behavior depicted in these graphs pertains to a single-bead pair that was manipulated by the cell and was calculated using Eq. (4). The graphs on the right are the corresponding stresses calculated from Eq. (5) .
Fluctuation in the elastic stresses over time was observed for many bead pairs (data not shown). To determine if this was produced by the cell and not an artifact of the technique the cell shape was studied as well as the path shapes and the behavior of the stress peaks. The area and the perimeter for cells in each concentration were measured and compared to the peaks in the stress graph. It was found that the shape of the cell changes throughout the experiment, but no strong correlation could be found with the stress peaks. On occasion, as shown in Figs. 7a-7c for a bead pair near a cell in a 2 mg/mL collagen gel, fluctuations in the area and/or perimeter of the cell coincide with the peaks in the calculated stress, but not consistently. One limitation, however, is that area and perimeter measurements of the cell can only be made in the XY plane. The paths of the beads were also compared to the stress peaks. In the example shown in Fig. 7d , the peaks occur at times when the cell is pulling toward itself. Time between peaks was calculated for various tests as well as the relationship of the time between peaks and distance from cell or collagen concentration but no clear correlation was found (data not shown).
Figure 7d also demonstrates how complex the displacement behaviors of the bead were throughout the observation period. The representative bead shown has backwards and forwards movement due to how the collagen was being displaced by the cell. This behavior was also seen in the Z direction. This information would not have been available if intermediate time points had not been obtained.
DISCUSSION
The results presented are a step toward a technique to measure the stresses that cells create in a 3D matrix. Prior works have measured forces that cells generate on 2D surroundings, 1, 7, 8, 16, 19, 25, 33, 37, 46, 48, 51, 53 but it is widely accepted that the 2D environment does not represent the in vivo environment; therefore, steps need to be taken to expand these measurements to 3D. 34, 35, 52 The challenge in achieving this partly lies in the need to simultaneously combine an imaging system that can do 4D capture-automated z-stage in addition to time-lapse; with an incubated microscope stage because the sample cannot be moved. It is also necessary to have a program capable of tracking objects in 4D. The greater challenge however is having the appropriate model for the modulus of the material in which the cells are cultured. 4, 13 If this material is collagen, the polymerization process can continue for at least 10 h, its modulus changing throughout this process. 45 Therefore, this is a timeframe in which accurate coefficients to relate stress and strain are not available. In addition, the viscoelastic nature of collagen causes the modulus value to change depending on the speed at which the material is being strained. The equations relating collagen's elastic modulus to strain rate 29 allow us to determine the specific modulus to use in accordance to the rate at which the cell is deforming the material after the polymerization process is complete. Having this information provided the stresses that the cells generated from the strain that was obtained from the 4D imaging.
For proof of principle, a simple method was employed to calculate strains generated by the NMuMG cells from the path of beads embedded in the surrounding collagen matrix. Figure 3 depicts the bead paths (scaled 109) that were caused by the collagen displacements that the cell produced. It can be seen that as the collagen concentration was lowered, the paths became longer. This can also be clearly seen in Fig. 5c . This confirms that the cell was able to manipulate the surrounding collagen to a greater extent in the more compliant gel. The motion of the paths toward the cell can be an indication of contraction. In other systems such as the myocardium, surface area measurements have shown that gels were more readily contracted by cells as the concentration of the collagen was decreased. 28 In the mammary gland system there have been similar findings. Wozniak et al. 56 reported that increasing the collagen density in their floating gels decreased the contraction (determined by reduction of gel diameter) caused by the cells. Increasing the collagen concentration of the gel has a stiffening effect that can be compared to having an attached gel. Cells cannot contract an attached gel. FIGURE 5. Representative stress-strain graph of a collagen gel is shown in (a). This diagram is specifically for 2 mg/mL collagen concentration. The line overlaps the elastic portion of the data, which in this case reaches~11%. The elastic strain limit was calculated for each concentration and was found that there was essentially no difference between the collagen concentrations tested as seen in (b). The lower bound for all elastic strain limits was found to be 7%. Highest strains acquired in experiments with NMuMG cells in 1.3, 2, and 3 mg/ mL collagen gels in microfluidic channels are shown in (c). The cells in the 1.3 mg/mL gels were able to create larger strains that exceed the elastic limit during the tested time frame. The cells in the 2 and 3 mg/mL gels remained within the elastic regime during the tested time frames. The highest strains decrease in value as collagen concentration increases. Each data point corresponds to the highest strain of one bead pair. All bead pairs with an initial separation above the threshold in two experiments for each concentration have been included.
In Miron-Medoza et al.'s tissue translocation study they used nested collagen gels that were either floating or attached. They show compelling images of collagen translocation in the floating gels that was caused by cell traction. In their report they state ''if the matrix does not resist cell tractional force, then the matrix moves.'' 32 The low concentration of collagen in our studies provided a matrix with low resistance to cell traction; therefore the largest strains occurred in those constructs.
Approximate values for the stresses that were calculated for the purely elastic strains that occurred in the gel ranged from 20 to 475 Pa. Although there are inaccuracies introduced by the simplified analysis employed, these data give a reasonable estimate of the behavior. This result is very similar to Wang et al.'s result for stresses measured in their micropatterned surfaces. Wang et al. 53 measured stresses up to~425 Pa in their 2D experiments with human airway smooth muscle cells. In contrast, Dembo and Wang 11 measured stresses up to~20 kDyn/cm 2 (2 kPa) with Swiss 3T3 fibroblasts which were roughly about 59 higher than what was measured in this study. Although we report a range of 20-475 Pa, there were higher stresses within the system that could not be quantified. The maximum stresses of 475 Pa measured in this study were only those produced from purely linear elastic straining. There were some nonlinear strains past 7%, the extent of which was unknown, because they originated from before the time of initial viewing. To FIGURE 6 . Representative strain and stress behaviors for NMuMG cells in collagen gels of 3, 2, 1.3 mg/mL are shown, from top to bottom. On the left images of each cell in gel surrounded by beads is shown. The center graphs show the strains that the cell created on the matrix over 3 h of imaging. On the right are the corresponding stresses in kPa for the shown strains. Each graph pertains to strain and stress behavior of one bead pair. Examples were chosen which indicate less than 1% strain during the first two time points and to demonstrate the general increase in maximum strain attained in those concentrations. eliminate this limitation, future studies must begin imaging from the time point of seeding-using an incubated stage that includes CO 2 and saturated air-and to have stiffness characterized throughout the polymerization process.
One of the more intriguing observations from these experiments was fluctuations or peaks in the stress vs. time graph (Figs. 6 and 7) for some of the bead pairs observed near a cell. This information was available as a result of having obtained data at intermediate time points. To determine if this behavior pertained to the cells when it was observed, cell shape was measured (Fig. 7) . A relationship between the changes in the cell shape and the fluctuations was sought; however, there was no obvious correlation after multiple examples were examined. One limitation is that cell shape was only available in the XY plane. Although this correlation could not be made, the cell is constantly changing shape throughout the length of the experiment and there are no peaks present in the baseline experiment, thus the peaks in the stress vs. time data must be cell generated.
There is some mention of pulsatile or oscillatory behavior in force generation by cells in the published literature. In some of the 2D cases, only initial and final values of stress were reported 37 and when timelapse was carried out it was for a much shorter timescale of about 30 min. In the shorter timescale reports, other researchers generally observed about one peak in the force vs. time behavior in a period of 30 min. 7, 48, 58 One group that did have a more comparable timescale and comment on this was Munevar et al. 33 In their report, time-lapse was carried out and forces were measured throughout time under the lamellipodium region of the cell. They report sub-regions within the leading lamellipodium where force fluctuated with an average period of approximately 40 min. There have also been mentions of shape changes that may occur in a fluctuating manner. For example, cell spreading can occur in an oscillating manner when expressed as a shape factor (ratio of perimeter to area). 41 There have not been local 3D measurements of stress to date, but there has been research done on the remodeling of collagen by cells in 3D. In their 2008 paper, MironMendoza et al. 32 present data showing how the speed of collagen translocation (as cell pulls on surrounding tissue) varies with different inhibitors of the mechanical pathway with respect to time. The shape of those curves also resembles the fluctuations reported above.
The technique that has been presented in this paper seeks to combine the critical aspects of the previous techniques that are of importance in order to advance the field of measuring cell-generated forces and stresses. The aims of incorporating the three dimensionality, information at intermediate time points, and FIGURE 7 . (a) Graph shows the stresses generated by a cell in a 2 mg/mL gel. The cell area, (b), and the cell perimeter, (c), were measured at each time point and used to calculate the shape factor. The area, perimeter, and shape factor were used to compare to the stress behavior. (d) The path in X and Y for the bead being studied is shown. The cell is in the direction in which the green arrow is pointing. The pulses in the stress graph all coincide with the times at which the cell is pulling the material marked by that bead toward itself.
measuring local stresses around a single cell were achieved in a proof-of-principle framework, although further refinement is required in both the technique and the data analysis employed. One forward key step was the use of Young's modulus values relevant to the cells strain rates. Despite these achievements, there are still aspects of the technique that require refinement. The first is incorporation of a more sophisticated strain analysis to accurately obtain information for the entire field around the cell as well as use of a complete constitutive model to calculate stresses. Additionally, initial condition bead locations can be obtained if a properly incubated stage is used and the cell-gel is imaged from the time point of seeding, the beads could be tracked from the very beginning and more beads could be used for the stress calculations surrounding the cell.
The range of studies that could be carried out with a technique of this type is very broad. Select studies carried out with 2D TFM considered to demonstrate key results on migration and mechanotransduction should be reproduced in 3D. A particular study of interest is tumor cells and their migration behavior. It has been observed that tumor cells rearrange the surrounding matrix to allow for migration which is what gives way to the spread of cancer throughout the body. [38] [39] [40] The process of matrix rearrangement and migration clearly requires cell-generated forces and deserves further study.
CONCLUSION
In this work the deformations generated by NMuMG cells in a 3D collagen matrix were measured using a microfluidic platform by tracking the displacements of beads that were embedded in the collagen. The displacement of the surrounding material was not unidirectional, as was determined from the complex paths of the beads throughout the time of observation. Additionally, the measured displacements were used to calculate strain. Given data on the matrix properties relevant to the speed of cell strain rates, the stresses within the elastic regime were then estimated. The magnitude of the strains was observed to increase as gel stiffness decreased. Strains up to 21% were measured in the more compliant gels. It was also observed that the stresses calculated in collagen-surrounding cells fluctuated over time. The elastic stresses that were measured were on the order of 20-475 Pa. Undoubtedly there were stresses that exceeded these magnitudes in areas of the matrix strained prior to the time frame of observations and in areas where the elastic limit was exceeded. Beyond the results for NMuMG cells, these proof-of-principle experiments illustrate the potential for a powerful new technique which can facilitate future work in understanding 3D mechanical interactions between cells and their surrounding ECM.
